Accumulation of arsenic (As) in rice (Oryza sativa L.) grain is a serious concern worldwide. Long-term exposure to As affects nutritional status in rice grain and is associated with higher rates of skin, bladder, and lung cancers, and heart disease. Genotypic variations in rice for As accumulation or tolerance are prevalent and are regulated by genetic and environmental factors. To understand molecular networks involved in As accumulation, genome-wide expression analysis was performed in roots of lowand high-As accumulating rice genotypes (LARGs and HARGs). Six rice genotypes with contrasting As accumulation potential and tolerance were used in this study. Genome-wide expression analysis suggested their differential response against As stress. This study suggests up-and downregulation of a number of unique genes involved in various pathways and biological processes in response to As stress in rice genotypes. A comparison of gene expression profiles, principal component analysis, and K-means clustering suggests that an independent pathway is operating during As stress tolerance or accumulation in contrasting genotypes. It was also observed that the differential behavior of aus genotype, Nayanmoni, from other LARGs might be due to its different genetic background. Cis-motif profiling of As-induced coexpressed genes in diverse rice genotypes led to the identification of unique cis-motifs present in differentially expressed genes. This study suggests that the genetic mechanism regulating the differential As accumulation in different genotypes may not be dependent on gene expression at the transcriptional level. However, many genes identified in this study can be analyzed and used for marker-trait associations related to As accumulation in diverse genotypes around the world.
common inorganic forms, arsenate [As(V)] enters into the cells through the phosphate transporter system and arsenite [As(III)], which structurally resembles silicic acid, is transported as a neutral molecule through the aquaporin system encoded by OsLsi1 and OsLsi2 (Ma et al., 2008; Kumar et al., 2015) . In the case of As(V), its chemical similarity to phosphate results in a competition between the two for uptake by the roots, which further creates an obstacle in metabolic process such as adenosine triphosphate (ATP) synthesis and oxidative phosphorylation (Tripathi et al., 2007) . Inside the cell, As(V) is reduced to As(III), which forms a complex with nonprotein thiols like glutathione (GSH) or phytochelatins (PCs) and is sequestered into the vacuole (Tripathi et al., 2007; Shukla et al., 2012) . It is also reported that As(III) has high affinity toward sulfhydryl groups and binds to proteins thereby affecting their structures and catalytic functions (Tripathi et al., 2007; Zhao et al., 2010) . Considerable efforts have been made over the past few years to elucidate the molecular mechanism of As uptake, metabolism, and translocation in plants (Kumar et al., 2015) ; however, knowledge of these processes in rice remains a major gap in understanding of stress-associated gene resources in diverse rice genotypes.
Rice genotypes show considerable variation in their response to As exposure in terms of uptake, metabolism, and concentration of As in grains as well as other tissues of rice even if grown with uniform soil As concentration Wu et al., 2011; Norton et al., 2012) . Screening of rice genotypes will provide information to develop better genotypes suited for As-contaminated soils (Dasgupta et al., 2004; Rahman et al., 2007; Dwivedi et al., 2012; Dave et al., 2013a) . Recently, Kuramata et al. (2013) inferred a huge genetic diversity in As accumulation and As speciation in rice grains among 69 accessions from a World Rice Core collection grown over a 3-yr period. Their study also proposed that the factors controlling the total As concentration and the proportions of As species in the rice grain are very complex. Several quantitative trait loci (QTLs) for variations in the As accumulation in different rice tissues have been already mapped in rice genome Tripathi et al., 2012; Kuramata et al., 2013) . However, these QTLs failed to elucidate the mechanism related to the variability in As accumulation among different rice genotypes Norton et al., 2010; Kuramata et al., 2013) . Therefore, it is necessary to identify the genes responsible and develop an understanding about basic mechanism for differential As sensitivity and accumulation in genotypes. This understanding will help future breeding programs to develop rice genotypes that accumulate low As in grains while growing in As-contaminated areas. Previous studies suggest that there are numerous pathways in distinct organisms for differential As sensitivity and accumulation. Among them, methylation into less-toxic forms (monomethylarsonate and dimethylarsinate), removal of As(III) or As(V) via efflux from the cell, and transport into vacuoles has been reported by several researchers .
The molecular basis for phenotypic divergence (As accumulation in grains and other tissue of rice) in the different or contrasting genotypes is still unclear. Comparative expression profiling using contrasting As-accumulating rice genotypes might be one of the approaches for the identification of novel genes and regulatory mechanisms with evolutionary adaptive significance. In this study, the genetic diversity in As accumulation in rice roots were investigated using six rice core collections identified during screening of rice genotypes at three locations in West Bengal: Purbosthali (Bardhman District), Chinsurah (Hoogly District), and Birnagar (Nadia District) over a 3-yr period . Moreover, genome-wide transcriptome analysis was conducted to understand genetic modulation controlling the inorganic As content of rice roots in different contrasting rice genotypes.
Materials and Methods

Plant Material, Growth Conditions, and Treatment
Mature rice seeds of six selected rice genotypes (HARGs: BRG-12, BRG-15, BRG-20; and LARGs: CN1646-5, Nayanmoni, and CN1646-2) contrasting in As uptake were collected from Rice Research Station, Chinsurah, West Bengal. These rice seeds were sterilized, germinated, and allowed to grow in hydroponic conditions in Hewitt media for 10 d according to standard procedure (Rai et al., 2011) . After 10 d of growth in Hewitt media, rice seedlings were exposed to 50 µM As(V) (Na 2 HAsO 4 ) in the hydroponic system until day 7. Afterward, rice seedlings were harvested at different time intervals, 24 h and 7 d post As(V) exposure, washed with milli-Q water, blotted, and used for the study of different parameters. Samples were also frozen in liquid nitrogen and stored at −70C for further use.
Native Polyacrylamide Gel Electrophoresis and Activity Stain
For performing native polyacrylamide gel electrophoresis (PAGE) assay of different antioxidant isozymes, 0.5 g of root sample from different treatments were homogenized in 3.5 mL of ice-cold extraction buffer (100 mM K-phosphate buffer [pH 7.8] containing 0.1 mM ethylene diamine tetra acetic acid, 1% [w/v] polyvinyl-pyrrolidone, and 0.5% [v/v] Triton X-100) in a prechilled mortar and pestle. The homogenate was then centrifuged at 22,000  g for 20 min at 4C to collect the supernatant. The extract was used for isoenzyme activities. Protein concentration of the extracts was determined according to Bradford (1976) . Native PAGE was accomplished at 4C, 90 V, according to Laemmli (1970) . For superoxide dismutase (SOD), ascorbate peroxidase (APX), peroxidase (POD), and glutathione (GR), the enzyme solutions were subjected to native PAGE with 10% polyacrylamide gel. Detection of SOD activity was performed as described by Beauchamp and Fridovich (1971) . The gel was incubated in solution of 50 mM K-phosphate buffer (pH 7.8) consisting of 28 mM riboflavin and 28 mM N,N,N,N-tetramethylethylenediamine (TEMED) for 30 min in dark. After incubation, the gel was cleaned three to four times with distilled water and submerged in the same solution (mentioned above) comprised of 2.45 mM nitroblue tetrazolium (NBT) for 10 to 20 min with mild agitation in the presence of light. To determine the enzyme isoforms, 5 mМ potassium cyanide was applied for inhibition of Cu/Zn-SOD while 0.4% Н 2 О 2 was used for simultaneous inhibition of both forms Cu/Zn-SOD and Fe-SOD (Sandalio et al., 1987) . Ascorbate peroxidase activity was measured by standard protocol described by Mittler and Zilinskas (1993) . The gel was soaked in solution of 50 mM Na-phosphate buffer (pH 7) containing 2 mM ascorbate and incubated for 30 min followed by transfer in a solution composed of 50 mM Na-phosphate buffer (pH 7), 4 mM ascorbate, and 2 mM H 2 O 2 and incubation for 20 min. The gel was washed in the 50 mM Na-phosphate buffer for 1 min and submerged in a solution of 50 mM Na-phosphate buffer (pH 7.8) containing 28 mM TEMED and 2.45 mM NBT for 10 to 20 min with mild shaking under light. Peroxidase activity was conducted with a minor adjustment of the method explained by Prestamo and Manzano, (1993) . The gel was equilibrated in a solution composed of 50 mL of 50 mM sodium acetate buffer (pH 6), 3.4 mL of 0.5% H 2 O 2 , and 3.4 mL of 0.25% (w/v) o-dianisidine. Further, the gel was agitated until a brown color appeared (30-60 min). Glutathione activity staining was performed as prescribed by Anderson et al. (1995) . The gel was submerged in solution composed of 50 mL of 50 mM Tris-HCl buffer (pH 7.7) and 0.4 mM nicotinamide adenine dinucleotide phosphate, 3.4 mM oxidized glutathione, 3.2 mM 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide, and 0.3 mM 2,6-dichlorophenol-indophenol for 20 min at 4C.
Hydrogen Peroxide Accumulation in Roots of Contrasting Rice Genotypes
Hydrogen peroxide accumulation was examined in rice genotypes after exposure to As(V) for 24 h with 2,7-dichlorodihydrofluorescein (DCFH) diacetate. DCFH diacetate can cross the plasma membrane and liberates DCFH in the cytoplasm after deacetylation by an endogenous esterase, where it is oxidized in the reaction with H 2 O 2 to highly fluorescent 2,7-dichlorofluorescein (DCF) (Schopfer et al., 2001) . For this purpose, root of rice plants were incubated for 15 min in 50 mM phosphate buffer (pH 7.5) containing 50 M DCFH diacetate and finally washed in phosphate buffer (Dubey et al., 2014) and pictured with the help of confocal microscope using 488 nm excitation and 525 nm emission spectra (Carl Zeiss).
Total RNA Extraction and Transcriptome Study of Contrasting Rice Genotypes
Total RNA was extracted from 10-d-old rice seedlings of different rice genotypes grown in media with or without supplementation of As(V) (50 µM) using Spectrum Plant RNA Kit (Sigma Life Science). The yield and RNA purity were determined spectrophotometrically (NanoDrop) and by agarose gel electrophoresis. For microarray experiment, biotin-labeled complementary RNA was prepared from 5 µg of total RNA using one-cycle target labeling and control reagents (Affymetrix) and hybridization to oligonucleotide arrays, washing, staining, and scanning were accomplished according to the manufacturer's recommendation. Fluidics Station 450 (Affymetrix) and GeneChip Scanner 3000 (Affymetrix) was used to perform washing and scanning of arrays. For this experiment, three independent biological replicates were performed for all the rice genotypes exposed to 50 µM As(V) and without As(V). Details can be found at Gene Expression Omnibus under accession number GSE53564 (http://www.ncbi. nlm.nih.gov/geo/query/acc.cgi?token=mbyfywaadvsvfw d&acc=GSE53564). The hybridization data analysis was performed using bioconductor affylmGUI package software Wettenhall et al., 2006) . Robust Multichip Average (Bolstad et al., 2003) was used for normalization of raw data and to calculate signal intensity (Bolstad et al., 2003) and Benjamini-Hochberg method was used for calculation of false discovery rate with the threshold set to 0.05 (Benjamini and Hochberg, 1995) .
Expression Analysis by Quantitative Real-Time Polymerase Chain Reaction
Deoxyribonuclease-free total RNA (5 µg) extracted from different samples was used to synthesize first strand complementary DNA (cDNA) using SuperScript II (Fermentas Co.), following the manufacturer's protocol. This synthesized cDNA used to perform quantitative real-time polymerase chain reaction (qRT-PCR) for set of selected genes using SYBR Green Supermix (ABI Biosystems) in an ABI 7500 instrument (ABI Biosystems). Rice actin gene was used as an internal control for setting up equal amount of cDNA in all the reactions. As a result of qRT-PCR analysis, cycle threshold (Ct) values for each reaction were obtained and delta-delta-Ct method was applied for calculating fold change. Furthermore, fold change has been represented by heat map method using MeV software (Ge et al., 2010) . The list of selected genes and oligonucleotide primers (MWG Biotech) used for qRT-PCR are specified in Supplemental Table S1 .
Principal Component Analysis and K-Means Clustering
Principal component analysis (PCA) was portrayed by two-dimensional biplot that was generated using built-in biplot function of R (http://www.bioconductor.org/); each sample in the result figure has been represented by an arrow. Correlation structure within and between LARGs and HARGs was analyzed by selective expression study in different gene groups such as transcription factors, transporters, CYPs, HSPs, SMs, and GSTs. On the basis of PCA, the principle direction in which the samples varied from each other was calculated. K-means clustering achieved with MeV (MultiExperiment Viewer v.4.2; Ge et al., 2010) was implemented using algorithm for Euclidean distance metric to get distinct clusters.
Recognition of Motifs in Promoters of Differentially Regulated Genes
To delineate the contradistinction and diversification among LARGs and HARGs, one kb upstream regions from translation initiation codon of each gene that were differentially regulated during this study were used to unmask motif from PLEXdb database (http://www. plexdb.org/). Data sets obtained in this study were used as test datasets and all the rice promoters extracted from The Institute of Genome Research (TIGR; http://rice. plantbiology.msu.edu/) database were used as control dataset. A motif database was prepared that has all possible combinations of 8-bp length from differentially expressed genes in contrasting rice genotypes exposed to As(V) stress. Test and control datasets were used for identification of all the motifs employing Perl scripts. These motifs were further used for lift, support, and confidence values calculation (Doi et al., 2008) . Motifs having lift value 2 in the test dataset in relation to control dataset were designated to play putative role in the test dataset. Furthermore, to characterize the regulatory role of these motifs, STAMP web server (http:// www.benoslab.pitt.edu/stamp) was used for comparison against previously identified motifs in the PLACE database (http://www.dna.affrc.go.jp/PLACE/) with the use of ungapped Smith-Waterman algorithm (Mahony and Benos 2007) .
Results and Discussion
Metal Accumulation Potential of Contrasting Rice Genotypes
Field trials were conducted for screening rice genotypes at three locations in West Bengal: Purbosthali (Bardhman District), Chinsurah (Hoogly District), and Birnagar (Nadia District) over a 3-yr period with respect to As accumulation in grain, shoot, and root. This study suggested major differences among different accessions. Among the different accessions, six contrasting genotypes on the basis of accumulation of As in grains (Supplemental Table S2 ) were selected in this study. that are traditional boro genotypes cultivated in West Bengal for a long time; CN1646-2 and CN1646-5 (LARGs) are breeding lines developed by the Rice Research Station, Chinsurah, from a cross between Pusa Basmati 1 and IR-64. The genotype Nayanmoni (LARG), is an aus genotype having different genetic background and exhibiting different agronomic traits. Growth and yield response data of these genotypes are listed in Table 1 . These genotypes also showed a contrasting performance for the accumulation of As in roots after 24 h treatment when grown on hydroponic medium containing 50 µM As(V). The HARG genotypes showed higher accumulation of As in roots (Fig. 1A ) in contrast to the LARG genotypes (CN1646-5, Nayanmoni, and CN1646-2). Negative effects on root length, shoot lengths, shoot weight, and root weight (Supplemental Fig. S1 ) were observed in two LARG genotypes in relation to HARG after 7 d treatment with 50 µM As(V). CN1646-5 and Nayanmoni were more sensitive to As stress in comparison to CN1646-2.
Antioxidant Isoenzymes Activities and Hydrogen Peroxide Accumulation in Different Genotypes
Early antioxidant metabolism of contrasting rice genotypes to As(V) stress was studied by assaying the antioxidant enzymes to understand mechanisms operating in differential tolerance among diverse genotypes (Supplemental Fig. S2) . Surprisingly, no significant changes in the isoenzyme activities were observed after 24 h of As treatment except in two LARGs (CN1646-2 and CN1646-5) where POD and GR activities were altered. Isoenzymes study also suggested that two POD isoforms (4 and 5) were induced in CN1646-2 while they were reduced in CN1646-5 after As(V) exposure. A reverse pattern was observed for isozymes of GR 3 and 4 activity; it was induced in CN1646-5 and reduced in CN1646-2 after As(V) treatment. Hydrogen peroxide concentrations were estimated in the roots of rice genotypes grown with As and without As. Since roots are primary destination of heavy-metal accumulation, among six contrasting rice genotypes, HARGs showed high DCF fluorescence (high H 2 O 2 activity) in comparison to LARGs after 24 h As(V) treatment. Treatment of As that modulates active reactive oxygen species (ROS) machinery may be the reason behind tolerance in HARGs (Fig. 1B) . Hydrogen peroxide acts as a signal molecule that is involved in tolerance against abiotic and biotic stress (Gratão et al., 2005) . It is already reported that metabolism of ROS is influenced under varied environmental conditions (Gratão et al., 2005) . This is also supported by other researchers in reference to As stress Dwivedi et al., 2010) . Recent studies also suggest that enhanced production of H 2 O 2 is the primary event after heavy-metal exposure and it is probably a key molecule triggering signal transduction and As(V) tolerance in HARGs. The initiation of signaling pathways mediated by jasmonate, ethylene, and H 2 O 2 as an indirect action of heavy-metal stress and may significantly contribute to modulate the activation of stress responsive pathways, proteins, and genes (Gratão et al., 2005) . Comparative analysis of two contrasting varieties of Brassica juncea (L.) Czern. in response to As exposure reveals that As accumulation was higher in a tolerant variety as compared with that observed in a sensitive variety ). Authors also suggested that As-induced stress was presumably mediated through an integrated modulation in hormonal signaling (auxin, ethylene, and jasmonate biosynthesis pathway genes) and sulfur metabolism that led to adaptations to combat the stress, which was not seen in the sensitive variety. In the above-mentioned study, though several genes have been identified, these have not been correlated to genotype-dependent As-accumulation and tolerance.
Arsenic Stress Differentially Modulates Gene Expression in Contrasting Genotypes
Distinctive cellular activities are affected during biotic and abiotic stresses (Kumar et al., 2013b; Agarwal et al., 2006) . To understand the transcriptional responses of contrasting rice genotypes, microarray analysis was performed using total RNA isolated from roots of seedlings exposed to 50 µM As(V) using Affymetrix rice whole genome arrays. To identify statistically significant, differentially expressed genes in microarray study, a combined criterion of 2-fold upregulated and 2-fold downregulated with p  0.05. To gain insights into the putative function of stress-responsive genes, their annotation was performed using the Rice Genome Annotation Project database (http://rice.plantbiology.msu.edu/). Among these genes, a total of 109, 72, 205, 49, 83, and 373 genes were upregulated and 70, 97, 57, 240, 113 , and 277 genes were downregulated in the genotypes BRG-12, BRG-15, ) and 8 h dark photoperiod at 25  2C temperature. Hydrogen peroxide was visualized by 2,7-dichlorofluorescein fluorescence.
BRG-20, CN1646-5, Nayanmoni, and CN1646-2, respectively (Supplemental Table S3 ), while the distribution of genes among down-and upregulated datasets was determined from the Venn diagram of six contrasting genotype using VENNTURE software (Martin et al., 2012) . Among these genotypes, no differentially expressing common gene was identified (Supplemental Fig. S3 ), consistent with discrete genetic background of each genotype. However, among HARGs, two genes were found to be upregulated (IN2-1 protein and nitrate reductase), but no common downregulated gene was present. Comparison between BRG-15 and BRG-20 revealed 26 genes that were upregulated, while between BRG-20 and BRG-12, 12 genes were found to be commonly upregulated under As(V) stress in roots (Fig. 2) . No common gene was upor downregulated among three LARGs, but between two LARGs (CN1646-5 and CN1646-2), 25 upregulated and 90 downregulated genes were common (Fig. 2) . This indicates that among the HARGs, BRG-15 and BRG-20, and among LARGs, CN1646-5 and CN1646-2, have similar genetic control against As(V) stress. From the agronomic data, it is clear that BRG-12 and BRG-20 belong to traditional boro genotypes, while CN1646-5 and CN1646-2 have a common parental lineage. On the other hand, Nayanmoni is completely different from these genotypes as it is an aus genotype. Diverse genes that are known to be induced by As stress are listed in Supplemental Table  S3 .
Gene Families with Differential Gene Expression in Different Genotypes
A number of genes related to stress and defense responses, transporters, regulatory machinery of plant system, and transcription factors corresponding to different families were identified as being stress-responsive genes in the contrasting rice genotypes including in rice exposed to As stress Norton et al., 2008) . Significantly expressed genes (2-fold upregulated and 2-fold downregulated with p  0.05) were selected to determine differential transcriptional response of genes in all contrasting rice genotypes. To provide a better insight in differential expression, the following gene families were studied during As(V) stress.
Glutathione S-Transferases
Glutathione S-transferases are particularly known for their detoxification of xenobiotic compounds and belong to super family of enzymes and are reported to play a differential regulation role in plants during a number of biotic and abiotic stresses (Ghelfi et al., 2011; Kumar et al., 2013b) . The present study showed that eight genes encoding for GSTs and two IN2-1 proteins (Fig. 3A) were upregulated in contrasting rice genotypes. Among these, only two (Os09 g20220 and Os10 g38600) in CN1646-2, four (Os03 g50130, Os03 g57200, Os09 g20220, and Os10 g38350) in BRG-20, and three (Os10 g38700, Os10 g38740, and Os10 g38610) in BRG-20 were upregulated (Supplemental Table S4 ). No GST was upregulated in other LARGs and HARGs (BRG-12). The role of specific GSTs for tolerance of heavy metals was recently reported by Kumar et al. (2013b) . Moreover, IN2-1 protein (Os03 g17470) was twofold upregulated in the three HARGs, and this protein has already been annotated as a homolog of Lambda class of GST, OsGSTL2 (Hu et al., 2011; Kumar et al., 2013a) . Our results suggest that differential expression of GSTs plays a significant role in As-sensitive and As-tolerant genotypes.
Cytochrome P450s
Fifteen CYPs (Fig. 3B) differentially expressed in the contrasting genotypes. The highest number of CYPs was upregulated in LARGs (CN1646-2 and CN1646-5), suggesting their putative role in regulating As stress response and accumulation. Previous studies on rice root transcriptome during As stress suggested that CYP Os01 g43740 can be an important biomarker for As(V) stress ) and was upregulated in HARGs suggesting its putative role in As stress response. In plants, the significant role of P450 hemeproteins in the biosynthesis of hormones, lipids, and secondary metabolites, as well as their function in detoxification of xenobiotic chemicals (Bak et al., 2011) , have been reported.
Heat Shock Proteins
Heat shock proteins are present in all groups of living organism and play a very important role in different abiotic and biotic stresses including heavy metals (Hall, 2002) . In the present study, 10 HSPs (Os03 g55360, Os03 g56540, Os04 g59060, Os03 g18200, Os07 g28800, Os02 g52150, Os05 g44340, Os06 g09560, Os03 g16030, and Os02 g54140) were upregulated (Fig. 3C) during As(V) stress in the six rice genotypes. Expression of HSPs was more prominent in CN1646-2, CN1646-5, and BRG-20. Among these upregulated proteins, two HSPs, Os02 g54140, Os03 g16030, have earlier been reported to be As(V)-responsive ). In addition, Os03 g16030 has also been identified as Cr stress Figure 2 . Venn diagram of the number of probe sets upregulated and downregulated in response to As(V) stress with a p ≤ 0.05 and a twofold change in gene expression for low-arsenic accumulating rice genotypes (LARGs) and high-arsenic accumulating rice genotypes (HARGs). In figure numbers in red or green represent for upregulated or downregulated genes, respectively.
responsive (Dubey et al., 2010) . Comparative analysis of As(V) and As(III) reported by Chakrabarty et al. (2009) showed upregulation of two HSPs (Os02 g54140 and Os03 g16030) under both stresses while Os02 g52150 was upregulated only under As(V) stress ).
Metal-Binding Proteins and Peptides
Various studies demonstrated that metal-binding proteins and peptides such as GSH, PCs, and metallothionein (MT) not only impart tolerance to toxic concentrations of the metals in the plants but also enhance metal accumulation Verbruggen et al., 2009) . After finding its way into cells, As(V) is reduces to As(III) and binds to metal-binding peptides and ligand inside the cells (Verbruggen et al., 2009) . Rice has 11 class-I MT genes, and among all MT genes, only one, Os01 g74300 (OsMT-I-IIc) (Supplemental Table S4 ) was upregulated in LARG CN1646-2. This MT was reported to be upregulated during Cd treatment and several studies showed that MT plays role in maintaining the homeostasis of essential metals and also function in xenobiotics of heavy metals (such as Cd, Hg, Ag, and As) through the thiol group of its cysteine residues (Gautam et al., 2012) . Surprisingly, no PCS gene was upregulated in any of the genotypes. These results are in good agreement with those of Norton et al. (2008) , who also did not observe any response (up-or downregulation) of rice PCS genes under As stress when assayed in hydroponics-grown roots. Similar results were also reported by other authors for exposure to different heavy metals Dubey et al., 2010) . It may be possible that PCS is activated posttranslationally on exposure to heavy metals.
Transporters
Numerous As-responsive genes encode transporter proteins (Fig. 3E ) and have been identified in this analysis as differentially expressed genes. Transporters including sulfate transporter (Nocito, 2006; Kumar et al., 2011) , aquaporin (Zhao et al., 2009) , metal transporter (Migeon et al., 2010; Tiwari et al., 2014) , ABC transporter family protein (Song et al., 2010) , and amino acid transporter (Pinto et al., 2003) are already known to play a key role in heavy-metal stress in plants. One sulfate transporter (Os03 g09980) was upregulated only in LARG Nayanmoni. It has been already reported that sulfate enters via sulfate transporter and contributes to metal detoxification through chelation with thiol-rich proteins and compounds . In addition, aquaporins, commonly recognized as water channels, have also been demonstrated to play an important role in the influx and efflux of As(III). Xu et al. (2007) reported an efflux of As(III) after reduction from As(V) through aquaglycerolporin channels. Two aquaporincoding genes (Os06 g12310 and Os02 g51110) were highly expressed specifically in Nayanmoni and downregulated in two other low-grain genotypes, while Os07 g26630 aquaporin gene was upregulated in CN1646-2 and CN1646-5 but downregulated in Nayanmoni (Fig. 3E) . Functional validations of these aquaporins may lead to answering several key questions regarding the contrasting behavior of rice genotypes and will also reveal a mechanism of these transporters. The metal-transporter gene Nramp (Os07 g15460) was upregulated in LARGs, which were previously reported to show higher expression in As stress Tiwari et al., 2014) . Differential expression of ABC transporters was noticed among six genotypes. Among them, Os01 g50100 and Os01 g52550 were upregulated in LARGs, except Nayanmoni, and HARGs, except BRG-12, (Fig. 3E ). There is a report indicating a role of an ABC transporter to sequester As(III)-GS3 and Cd-GS2 into vacuoles of plant cells (Verbruggen et al., 2009 ). Few studies indicated involvement of amino acid transporters in transporting heavy metals across the membrane after binding to low-molecular-weight thiols (Pinto et al., 2003) . One of the amino acid transporters, Os05 g34980, was upregulated among all genotypes except Nayanmoni. Recently, Dave et al. (2013b) also reported that the stress-responsive amino acids proline, cysteine, glycine, glutamic acid, and methionine showed higher accumulation in HARGs than in LARGs. Therefore, there must be a good correlation between different amino acid transporters and level of amino acids in contrasting genotypes.
Regulatory Genes
Transcription factors can regulate the expression of many stress-related genes by interacting with cis-elements present in their promoter regions. In our analysis, 18 transcription factors (Fig. 3F) were upregulated in contrasting genotypes. Previous transcriptomic studies on As stress in rice root have also identified some crucial transcription factors including MYB, HSF, zinc finger/CCCH, bHelixloop-helix, and AP2/ERF Huang et al., 2012) involved in As stress. In this study, expression of MYB transcription factors was upregulated in two LARGs (CN1646-2 and CN1646-5), and one HARG, BRG-20. Various studies have described that MYB genes may be crucial in As(V) stress tolerance as they upregulate phenylpropanoid and flavonoids biosynthetic pathway (Borevitz et al., 2000; Misra et al., 2010; Pandey et al., 2012) . Two heat-stress-related transcription factors (Os03 g06630 and Os04 g48030) in CN1646-2 exhibited higher expression. Transcription factor zinc finger/CCCH (Os05 g45020) was upregulated significantly in genotype BRG-12 and it was downregulated in other genotypes. Barth et al. (2008) reported that zinc finger transcription factors in Arabidopsis thaliana L. play an important role in heavy metal stress. bHelix-loop-helix transcription factor (Os09 g28210) was highly expressed in BRG-20. One AP2-like ethylene-responsive transcription factor (Os08 g09690) was upregulated in two LARGs, CN1646-2 and CN1646-5, but downregulated in Nayanmoni. AP-2/ERF genes are recognized to play significant role during biotic and abiotic stresses in plants (Agarwal et al., 2006) .
Using expression profiling of the Affymetrix rice genome array, it was found that, the genetic diversity in As accumulation in different rice roots is under control of diverse global transcriptional response. A gene ontology analysis suggested that As accumulation in roots of different genotypes is linked with several different enzymatic activities, modulation of transcription factors, and several transporters, some of which were previously shown to be As-responsive genes in rice Norton et al., 2008 . Functional validation of these genes identified in this study will help to dissect the complexity of As accumulation in roots at molecular level and subsequently enhance the pace of genetic improvement in As accumulation in rice grain.
Validation of Microarray Expression Profile by Quantitative Real-Time Polymerase Chain Reaction
To validate the microarray results and quantify the expression of regulatory genes, 58 probe sets representing CYPs, GST, transporters, and transcription factors that showed differential regulation between contrasting rice genotypes under As(V) stress were selected (Supplemental Table S5 ). Figure 4 indicated that the expression analysis by both the approaches was in good agreement with each other.
Principal Component Analysis in Relation to Expression Lineaments
To identify potential genes specific to As stress, we applied PCA (Schölkopf et al., 1998 ) using root transcriptome datasets. Principal component analysis reduces multidimensional microarray datasets into restricted representative numbers for every genotype giving a transcriptional signature for the experiment and also provides information for the specific genes. The application of PCA for gene expression analysis helped to compile the ways in which gene responses vary in contrasting genotypes. Thus, closeness between two samples in PCA can be interpreted as high similarity in transcriptional expression (Kilian et al., 2007) .
Principle component analysis was performed among the contrasting rice genotypes by selective expression analysis of different As-responsive genes such as transcription factors, transporters, HSPs, CYPs, gene related to secondary metabolite, methyltransferases, and GSTs (Fig. 5) . The PCA analysis of different groups suggests that Nayanmoni is different in each group to As(V) stress among all the genotypes. The PCA of transcription factors predicts the same response for BRG-20 and BRG-15 under As stress. However, PCA of transporters reveals presence of common elements between CN1646-2 and BRG-15. A different response was observed for the HSP group as BRG-20 and CN1646-2 was following the same trend for this group, while pattern of PCA for GSTs and CYPs depicts that BRG-15 and BRG-20 are performing identically. Analysis using genes involved in secondary metabolite biosynthesis showed that among HARGs, BRG-12 and BRG-20 are positively correlated while among LARGs, CN1646-5 and CN1646-2 are closely related. This suggests that Nayanmoni is behaving differentially among six genotypes as well as within three lowgrain genotypes, while BRG-12 is acting differentially among HARGs (Table 2) . Differential behavior of Nayanmoni was also supported by agronomic traits as well as its distinct genetic background among genotypes.
K-means clustering was performed to interpret the expression of genes and each gene group was categorized into five clusters on the basis of relative expression of upregulated and downregulated genes in contrasting genotypes (Supplemental Table S6 ). To distinctly indicate the contrasting performance of rice genotypes, we generated heat maps based on the performance of differential expression genes grouped in clusters for contrasting rice genotypes (Supplemental Fig. S4 ). Transcription factors of Cluster I was upregulated only in BRG-12, while in Cluster II they were upregulated mainly in CN1646-5, CN1646-2, and BRG-20 (Fig. 6) . Clustering of transporters predicted 28 transporters belonging to Cluster I were upregulated mainly in BRG-15, BRG-20, and CN1646-2 during As(V) treatment. Some of these transporters are members of multigene families including metal transporter (Nramp6; Os02 g03900) in BRG-15 and ABC transporter, ATP-binding protein (Os01 g52550) and sulfate transporter (Os03 g09970) in BRG-20. Clusters II, III, and IV of HSPs show a high number of upregulated genes in BRG-20, CN1646-5, and CN1646-2, but most of them were downregulated in Nayanmoni (Fig. 6) . Another class of genes known to be induced in As stress, GSTs, was mostly upregulated in Clusters I and II. Some of the GSTs (Fig. 6) , such as Os09 g20220, Os10 g38350, and Os10 g38610, that belong to these clusters are already known to be induced in As stress , while CYPs expressed differentially among all genotypes into five clusters, while secondary metabolite belongs to Cluster I and was upregulated in all genotypes. These results predicted each gene was showing significant variation in expression pattern among the contrasting rice genotypes.
Characterization of Overrepresented Motifs Present in Differentially Regulated Genes
Motif analysis was carried out in the proximal promoter region of differentially expressed genes under As(V) stresses in six contrasting rice genotypes. Motif analysis was performed in two steps: the first step was to filter the motif according to the frequency (motifs were counted only for the presence in the promoters), while second step was filtration according to the occurrence (number of times a motif occurs in a given promoter region). This result provided 13,988 and 15,267 in BRG-12, 15,153 and 14,259 in BRG-15, 9270 and 14,625 in BRG-20, 16,028 and 9380 in CN1646-5, 15,085 and 13,444 in Nayanmoni, and 5973 and 8692 in CN1646-2 motifs as overrepresented in promoters of upregulated and downregulated genes, respectively, in rice genotypes exposed to As(V) stress. Further analysis revealed 84 and 103 motifs commonly overrepresented in promoters of upregulated and downregulated genes, respectively, among all six rice genotypes (Supplemental Table S7 , S8). A common motif within LARGs and HARGs were also predicted. Among LARGs, 777 and 1244 were commonly overrepresented in promoters of upregulated and downregulated genes, respectively. Among HARGs, 601 and 103 motifs were commonly overrepresented in promoters of upregulated and downregulated genes, respectively. To increase the accuracy of the dataset of unique motifs, filters were applied as represented in Supplemental Figure S5 . Among HARGs, 372 and 446 (Supplemental Table S9 ) were overrepresented in promoters of upregulated and downregulated genes, respectively. Among LARGs, 143 and 142 (Supplemental Table S10 ) unique motifs were overrepresented in promoters of upregulated and downregulated genes, respectively. Predicted overrepresented motifs were annotated with the STAMP web server against the PLACE database for their PLACE ID and functional description. Sequence logo of the top five unique overrepresented motifs in promoters of upregulated and downregulated genes of LARGs and HARGs was predicted using Seq2Logo 2.0 Server (Thomsen and Nielsen, 2012) , as presented in Table 3 . This analysis suggests that each motif has a functional role and is responsible for regulating gene expression of contrasting rice genotypes under As(V) stress.
Conclusion
The results of the comparative transcriptome analysis led to the identification of specific genotype-dependent genes responsible for As accumulation or tolerance in six different rice genotypes. These differential genes were mainly transporters, regulatory genes, and other stressresponsive genes. Results of microarray study affirm Figure 6 . K-means clustering based on the expression pattern in six different groups of rice (Oryza sativa L.) genotypes. Expression pattern of transcription factors (TFs), transporters, heat shock proteins (HSPs), cytochrome P450s (CYPs), genes related to secondary metabolites (SM), and glutathione S-transferases (GSTs) represented under five clusters in low-arsenic accumulating rice genotypes (LARGs) and high-arsenic accumulating rice genotypes (HARGs).
absence of common genes among six genotypes. Our study suggests the need for development of a genotypedependent strategy instead of a common strategy for LARG genotypes. Furthermore, presence of few similar genes between LARGs (CN1646-5 and CN1646-2) might be due to same parental lineage. The present study suggests that the As accumulation or tolerance potential of a contrasting genotype depends on unique pathways and early perception of As-induced stress. To obtain an insight into these mechanisms, functional validation of candidate genes will need to be performed in the future.
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Supplemental Table S10 . Unique over-represented motifs for upregulated and downregulated genes in LARG (CN1646-5, Nayanmoni and CN1646-2). +H −TR Nayanmoni −TR CN1646-5 † (+), positive correlation; (−), negative correlation; C, cytochrome P450s; G, glutathione S-transferases; H, heat shock proteins; M, methyl transferases; S, genes related to secondary metabolites; TF, transcription factors; TR, transporters.
